Novel high-throughput and maskless photolithography to fabricate plasmonic molecules Fabrication of nanostructures for applications such as plasmonics and metamaterials is typically low throughput, due to the required submicron feature sizes. Therefore, rapid production of optically engineered structures with low cost and large area is an enabling technology for many applications, such as light harvesting, solid state lighting, disposable biosensing, and metamaterials. Here, the authors propose a simple technique, based on microsphere nanolithography, to fabricate arrays of optical elements, or so-called plasmonic molecules, at about one third of exposure wavelength. This method is capable of producing many symmetric/asymmetric array of submicron arrangement of circles and is compatible with high-throughput nanomanufacturing schemes such as roll-to-roll production. The gap size between disks is precisely controllable by the angle of exposure. Here, the authors demonstrate the capabilities of this method in producing an array of complex plasmonic molecules over a large area. The periodicity of array and element's diameter can be tuned by microsphere size and exposure/develop time, respectively. Finite-difference time domain simulation agrees well with our experimental results and suggests that much smaller feature sizes can be achieved at shorter wavelengths. 13 and recently proposed surface plasmon lithography 14 can produce nanometer scale features; however, these are still in development, costly, and cover a small area.
Here, we propose a tilted exposure nanolithography technique to fabricate arrays of optical elements with a wide range of geometrical configurations that can generate resonance response at near infrared and visible wavelengths. This proposed method is based on maskless microsphere photolithography, 15, 16 where fabricated hexagonal arrays of metallic holes/-disks with feature sizes as small as 150 nm have been previously demonstrated. 15, 17 Despite the ability of microsphere photolithography to rapidly produce large arrays, it is restricted to circular elements. Although inserting a mask between a UV source and a microsphere array can produce an array of any arbitrary shape, 18 it imposes a limitation on the uniformity of the fabricated area and adds more complexity to the subsequent fabrication steps such as the lift-off. Producing a wide variety of geometrical configurations by microsphere photolithography without incorporating a mask can open new doors to a series of applications that demand low-cost, large-area, and high-throughput fabrication. The proposed method is simple and readily extendible to deep UV lithography.
A conventional UV source is used to illuminate an array of microspheres while the sample stage is tilted at different orientations. Figure 1(a) illustrates the process of fabricating coupled metallic disks. Microspheres are deposited on the surface of a sample covered by photoresist. The sample is exposed directly by a UV source at a wavelength of approximately 365 nm. Microspheres produce photonic jet, a focused intensive propagative beam, which exposes the underneath photoresist with a diameter k/3.
19 Then, the sample is tilted to other directions, and the process is repeated. After developing the positive photoresist, an array of coupled holes is created. By using lift-off, an array of metallic disks can be fabricated. Figures 1(b) and 1(d) show an UV electric field intensity map created by a finite-difference time domain (FDTD) simulation. Light is focused by a polystyrene microsphere with a refractive index of 1.59 and a diameter of 4 lm at perpendicular and 15 tilted exposure angle. In the simulation, we set perfect-matched-layer boundary conditions for all directions. The light source is a 365 nm plane wave with a linear polarization. By tilting the stage, the focal point of the microsphere moves off-center. Simulation results shown in Fig. 1(d) /N rotation for each exposure is needed to generate N equally spaced metallic disks. Therefore, a wide range of geometrical configurations of metallic disk complexes can be realized by this method without using any mask. Since the microsphere focal point is at the bottom of the sphere and no mask is involved in the lithography process, the exposed features have high uniformity. The uniformity of this photolithography is only limited by the UV source produces uniform beam intensity. Figures 1(c) and 1(f) are SEM images of developed photoresist for perpendicular and 15 tilted exposures, respectively. The tilted photonic jet has a shape and beam width similar to the perpendicular photonic jet despite the asymmetrical geometry imposed by the substrate's nonunity refractive index. Further tilting reduces the depth of exposure and broadens the photoresist's hole diameter (not shown in the figure).
II. EXPERIMENT
In this experiment, we coated the Si substrate with Shipley 1805 photoresist at 5000 rpm spin rate. The sample was soft-baked at 90 C for 90 s. Polystyrene microspheres (BangsLabs) were deposited on the sample by a home-made deposition set-up. 15 A Microsphere-coated sample was exposed by a UV source (Q4000) for 2 s while the stage of sample is tilted 15 . The exposed power is 0.2 mW after propagating through an optical attenuator and before reaching the sample. Increasing the exposure time increases the disk's diameter and reduces the gap between them. After removing the spheres by ultrasonic agitation, the sample was developed using AZ 300 MIF developer. Titanium (10 nm) and gold (50 nm) are deposited on the developed samples by e-beam evaporation (Auto 306). We used acetone to lift off the metals and produce array of metallic disks.
III. RESULTS AND DISCUSSION
In order to demonstrate the capability of this method, we fabricated arrays of plasmonic molecules with different configurations. Figure 2 shows SEM images of developed photoresist for different configurations. All samples are tilted 15 with an angle of rotation corresponding to the number of the holes to be produced. As shown in Fig. 2(a) , a photonic jet has a partially positive profile in spite of tilted sample's stage, which allows for a direct lift-off process. While Figs. 2(b)-2(f) show equally spaced holes in the photoresist, Figs. 2(d) and 2(e) show intentionally inserted defects. Defects in highly symmetric configurations can differentiate degenerate optical states, 20 which increases the sensitivity of optical response. 6 Figure 3 shows the lift-off results of large arrays of two, three, and five equally spaced metallic disks configurations. Figure 3(a) shows a sample, which is exposed by a UV source using microspheres with a diameter 1 lm and tilted angle 20 . The coupled disk is sensitive to polarization and can resonate with a linear polarization along a line passing through the centers of two disks. The gap size of the coupled disk in inset of Fig. 3(a) is less than 50 nm, which is typically achievable by e-beam lithography or FIB milling. The microsphere diameter of samples in Figs. 3(b) and 3(c) are 4 lm, and the sample stage is tilted 15 . The period of an array is determined by microsphere size and a disk's diameter and the distance between disks can be tuned by exposure/developing time: almost independent of microsphere size as has been studied previously. 21 Rigorous FDTD simulations have been performed using a plane wave source with a wavelength at deep UV and linear polarization.
In the simulation, the source illuminates the microspheres perpendicularly to create a photonic jet at the bottom of the spheres. We used experimental data for the refractive indices of microspheres and photoresist at in the deep ultra-violet region. The electric field intensity of the simulated photonic jet suggests that smaller features are feasible by using a shorter wavelength exposure. For example, the photonic jet at deep UV sources with 248 nm and 193 nm wavelengths have 120 nm and 80 nm width, respectively.
IV. SUMMARY AND CONCLUSIONS
In conclusion, we demonstrate tilted exposure microsphere nanolithography-a simple maskless photolithography method to generate low cost, large area, and uniform periodic array of metallic disk complexes with a wide range of variety of configurations. These plasmonic molecules can be utilized to generate a resonance response to the incident light such as Fano resonance, chirality, left-handedness, and create hot spots as sensing sites. The period of the array can be controlled by the microsphere size. Since the proposed lithography is maskless, the uniformity of the structure is merely limited by the UV source. Feature size can be scaled by using a shorter wavelength UV source.
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FIG. 3. Lift-off results of large arrays of (a) two, (b) three, and (c) five equally spaced metallic disks configurations using tilted exposure microsphere nanolithography. The inset in each figure is the unit cell of the corresponding array with a scale bar corresponding to 500 nm. Metal disks are less than 300 nm diameter. The microsphere used in fabrication of (a) has 1 lm diameter while for samples (b) and (c) is 4 lm. The gap size of coupled disk in inset of (a) is less than 50 nm, which is mostly achievable by e-beam lithography or FIB milling.
